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An activity-dependent form of intermediate memory
(AD-ITM) for sensitization is induced in Aplysia by
a single tail shock that gives rise to plastic changes
(AD-ITF) in tail sensory neurons (SNs) via the interac-
tion of action potential firing in the SN coupled with
the release of serotonin in the CNS. Activity-depen-
dent long-term facilitation (AD-LTF, lasting >24hr)
requires protein synthesis dependent persistent
mitogen-activated protein kinase (MAPK) activation
and translocation to the SN nucleus. We now show
that the induction of the earlier temporal phase
(AD-ITM and AD-ITF), which is translation and tran-
scription independent, requires the activation of
a compartmentally distinct novel signaling cascade
that links second messengers, MAPK and PKC into
a unified pathway within tail SNs. Since both AD-
ITMandAD-LTM requireMAPK activity, these collec-
tive findings suggest that presynaptic SNs route the
flow of molecular information to distinct subcellular
compartments during the induction of activity-
dependent long-lasting memories.
INTRODUCTION
Memories can last from a few seconds to a lifetime. The synaptic
plasticity that underlies memory over this vast temporal range is
subserved by a wide variety of temporally and spatially specific
molecular cascades. One intriguing hypothesis is that the induc-
tion of a lasting associative memory requires the coordination
between two qualitatively distinct sets of mechanisms: an
activity-dependent (or Hebbian) process that induces transient
synaptic plasticity that primarily relies on post-translational
signaling cascades, and a neuromodulatory signal that stabilizes
plasticity by engaging synaptic, as well as somatic, translational
and transcriptional molecular machinery (Bailey et al., 2000).
Despite their qualitative differences, both types of mecha-
nisms share common signaling components including kinase
cascades (reviewed in Citri andMalenka, 2008). Hebbian activity
triggers multiple kinases at the synapse, both presynaptically(Arancio et al., 1995; Casey et al., 2002; Ghirardi et al., 1992;
Kushner et al., 2005; Shakiryanova et al., 2007; Wierda et al.,
2007; Yamagata et al., 2002) and postsynaptically (Biou et al.,
2008; Boehm et al., 2006; Kauer and Malenka, 2007; Kopec
et al., 2007; Zhu et al., 2002). Modulatory factors also recruit
kinase activity but often with different spatial and temporal
dynamics (Byrne and Kandel, 1996; Huang and Kandel, 1995;
Sajikumar and Frey, 2004). For instance, in several systems
BDNF and serotonin have been shown to regulate MAPK trans-
location to the nucleus where it can alter gene expression and
promote synaptic growth (Martin et al., 1997; Ormond et al.,
2004; Patterson et al., 2001; Thompson et al., 2004). Finally,
second messengers that mediate kinase activity such as Ca2+
(acting through adenylate cyclase) have also been directly impli-
cated in memory (Wong et al., 1999).
The fact that the stimuli that produce distinct temporal
domains of memory trigger common signaling cascades that
diverge into qualitatively distinct downstream molecular path-
ways raises two critical questions. Do these molecular cascades
occur in the same set of neurons? If so, to what extent does the
interaction between their shared elements affect compartment-
specific downstream signaling properties and ultimately
synaptic plasticity and memory? To address these questions
we used the model system Aplysia californica whose simplicity
makes it possible to forge direct links between intracellular
signaling cascades, changes in synaptic efficacy between iden-
tified sensory andmotor neurons (SNs andMNs), and the forma-
tion and expression of memory.
We focused on activity-dependent memory for sensitization
and its cellular analog, activity-dependent facilitation, because:
(1) their induction requires the pairing of serotonin (5HT) and
SN neuronal activity, (2) plastic changes occur within the same
population of SNs, and (3) this pairing produces two temporally
and mechanistically distinct forms of long-lasting memory,
AD-ITM and AD-LTM. Behavioral training (a single tail shock)
produces AD-ITM, a translation-independent intermediate term
memory that lasts for several hours, followed by AD-LTM,
a translation- and transcription-dependent form of long-term
memory that is evident the next day (Sutton et al., 2001, 2002,
2004; Sutton and Carew, 2000).
Early work revealed that associative training, activity (via Ca2+)
andmodulation (via 5HT), synergistically activate the dually regu-
lated adenylate cyclase to generate maximal levels of cAMPNeuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc. 113
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Figure 1. Induction but Not Expression of AD-ITM Requires MAPK Activity, and Combined KCl Depolarization and 5HT Application Activates
MAPK
(A) The semi-intact preparation used to monitor T-SWR in the presence of pharmacological agents (shaded area).
(B1) The MEK inhibitor, U0126 (20 mM; n = 5) or its inactive analog, U0124 (20 mM; n = 6) were applied to the ring ganglia 1 hr before 13 TS and were present
throughout the remainder of the experiment. (B2) Summary data of 30–90 min time points combined. Within-group analysis revealed significant AD-ITM in
controls, but not in groups treated with UO126, and a between group test revealed a significance difference. In this and subsequent figures, data are expressed
as means ± SEM.
(C1) TheMEK inhibitor, U0126 (20 mM; n = 6) or its inactive analog, U0124 (20 mM; n = 8) were applied to the ring ganglia immediately after 13 TS andwere present
throughout the remainder of the experiment. (C2) Summary data in which intermediate time points 30–90 min were combined. Both groups exhibited significant
AD-ITM; there was no significant difference between groups.
(D1) The treated pleural-pedal pair received (1) a single pulse of 5HT (50 mM, 5min; n = 8), (2) a single pulse of high KCl ASW (100mM, 5min; n = 10), or (3) a combi-
nation of KCl and 5HT (KCl first, 2 min overlap with 5HT; n = 11). Control side remained in ASW to establish a within-animal baseline (see Experimental Proce-
dures). Quantification of MAPK activation is represented as the ratio of phospho-MAPK (P-MAPK)/ total MAPK (MAPK) between the two sides (see Experimental
Procedures). (D2) Summary data showing that only the combination of KCl + 5HT produced significant MAPK activation.114 Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc.
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1998; Braha et al., 1990; Eliot et al., 1989; Ocorr et al., 1985,
1986; Yovell et al., 1992). A similar synergistic relationship has
been described in mammalian cells (Wayman et al., 1994).
More recently, we found that plasma membrane translocation
and activation of calcium-dependent PKC (Apl I) are required
for AD-ITM and for AD-ITF (Sutton et al., 2004; Sutton and
Carew, 2000; Zhao et al., 2006), suggesting that PKC redistribu-
tion plays an important role in the intermediate temporal domain
(Zhao et al., 2006). A recent study also demonstrates that asso-
ciative training induces delayed translocation of MAPK to the SN
nucleus, presumably to upregulate genes necessary for activity-
dependent long-term facilitation (AD-LTF) (Hu et al., 2007). This
requires persistent PKA- and PKC- signaling and subsequent
release of the peptide neurotransmitter sensorin. Thus, both
intermediate-term and long-term processes are initiated by the
same stimuli.
These collective findings led us to hypothesize that associa-
tive training triggers distinct signaling cascades that are com-
partmentally routed with temporal specificity to produce two
mechanistically distinct processes: a synaptically mediated
intermediate-term plasticity and a somatically mediated long-
term plasticity. We further postulated that MAPK was well posi-
tioned to serve as a key element in this molecular routing due to
its requirement for AD-LTF and its ability to integrate and direct
a variety of downstream signal transduction cascades (Reissner
et al., 2006). We first tested whether AD-ITM requires MAPK
activity and then examined its relationship with other signaling
pathways. We found that MAPK activation (via a cascade of
identified upstream molecular steps) is essential for both AD-
ITM and AD-ITF. Moreover, we discovered a pathway in which
MAPK activates PKC, inducing its translocation to the plasma
membrane. Taken together, these results provide a unifying
molecular cascade that integrates activity and neuromodulatory
signals during the formation of AD-ITM and further suggests that
MAPKcan route themolecular flowof informationwithin a neuron
to regulate two temporally distinct phases of plasticity.
RESULTS
AD-ITM Induction Requires MAPK
We previously demonstrated that a single tail shock (TS)
produces intermediate-term memory for sensitization (AD-ITM)
if testing and TS occur at the same site (Sutton et al., 2004;
see also Walters, 1987; Figure 1A). The hallmark of AD-ITM is
that the sensitizing stimulus induces plasticity from the temporal
combination of global 5HT release (Marinesco and Carew, 2002)
and the depolarization of tail SNs within the receptive field of the
TS (Sutton et al., 2004). We first examined the requirement for
MAPK in AD-ITM using a reduced preparation in which pharma-
cological agents were selectively applied to the ring ganglia
while simultaneously monitoring the behavioral response, tail-
elicited siphon withdrawal ([T-SWR] Figure 1A; see Sutton
et al., 2004). Preparations were trained using a single strongTS to the test site and memory was tested with a subsequent
weak electrical stimulus to the same site. Since short-term
memory (STM) peaks at 15 min, tests ranging from the 30 to
90 min were pooled to generate summary data for ITM
(Figure 1B2). As expected, preparations that received the inac-
tive analog of the MEK inhibitor (U0124) displayed significant
AD-ITM that lasted at least 90 minutes (mean ± SEM,
131.0% ± 3.8%, p<0.05). In contrast, the MEK inhibitor U0126
significantly reduced the magnitude of ITM (108% ± 6.0%,
NS). A between-group analysis comparing the active and inac-
tive MEK inhibitor revealed a significant difference (Figure 1B2;
p<0.05). Consistent with previous observations (Sharma et al.,
2003), U0126 did not reduce T-SWR responses of non-shock
preparations, indicating that the observed difference is not due
to an effect on baseline.
A recent study found that AD-LTF (24 hr) requires persistent
MAPK activation (Hu et al., 2007). In contrast, we found that
application of the MEK inhibitor immediately following training
did not affect AD-ITM, indicating that sustained MAPK activity
is not required for the maintenance of AD-ITM (Figure 1C;
142% ± 11%, p<0.05). This result is not attributable to a slow
onset of inhibition because in separate experiments we found
that the MEK inhibitor caused a significant reduction in MAPK
activity within an hour of its application (see Figure S1 available
online). The fact that AD-ITM did not require persistent MAPK
activity was the first indication that MAPK signaling differentially
regulates intermediate-term versus long-term activity depen-
dent plasticity.
An Associative Analog of AD-ITM Activates MAPK
Since AD-ITM required MAPK activity, we predicted that asso-
ciative training (activity with modulation) would induce MAPK
activation in SNs. To test this, we treated pleural-pedal ganglion
pairs with a single 5 min pulse of high KCl-ASW ([KCl] 100 mM)
overlapped with a 5 min pulse of 5HT (50 mM) to mimic a single
bout of activity experienced by SNs during behaviorally relevant
training. We found that 100 mMKCl depolarized SNs by approx-
imately 20 mV (Figure S2); a sufficient change to open voltage-
gated Ca2+ channels (Walters and Byrne, 1983).
A single 5 min pulse of KCl did not significantly activate MAPK
(116% ± 8%, p=0.08, NS) in SNs. However, the combination of
a 5 min pulse of KCl with a 5 min pulse of 5HT (analog) produced
robust MAPK activity (137%± 10%, p<0.05) that was larger than
that generated by the single pulse of KCl (Figure 1D2). This
enhancement was not due to the actions of 5HT alone because,
consistent with previous observations (Martin et al., 1997;
Michael et al., 1998), a single pulse of 5HT did not induce
MAPK activity (96% ± 11%, NS).
To further validate the associative analog, we examined the
temporal profile of MAPK activity in SNs following analog treat-
ment. Since the induction of AD-LTF with activity and 5HT
requires sustainedMAPK activity, we predicted that the associa-
tive analog would also produce persistent MAPK activation (as
is the case for AD-LTF; Hu et al., 2007). Following analog(E) Pleural-pedal pairs were divided and one side was stimulated with the analog (KCl + 5HT). Sensory clusters were harvested at the indicated times. Within
sample t tests revealed that MAPK was significantly activated by the associative analog at each time point (p < 0.05).Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc. 115
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Figure 2. MAPK Activation Requires G Protein Activity
and Analog-InducedMAPKActivation Funnels through
G Proteins
(A1) When extracellular Ca
2+ is replaced with equimolar Co2+,
the analog (KCl + 5HT) no longer activates MAPK. (A2)
Pleural-pedal ganglia were treated with either (1) CaMKII inhib-
itor, KN-93 (50 mM, n = 11), (2) PKC inhibitor, Chelerythrine
(50 mM, n = 9), (3) cAMP blocker, Rp-cAMP (500 mM) +
SQ22536 (1.5 mM, n = 11), (4) PKA inhibitor, KT5720 (10 mM,
n = 7), Genistein (100 mM; n = 10), or K252A (1 mM; n = 17).
Control groups were treated with vehicle (n = 8, 6, 12, 7, 10
from left to right). In each case, ganglia were subjected to a
1 hr incubation with compounds before analog stimulation and
SN clusters were harvested immediately after stimulation and
subjected to Western blot analysis. Indicated groups (*) were
all significantly above their own baseline (within-group t test,
p < 0.05), and brackets indicate a between-group difference
(unpaired t test).
(B1) Excised pleural-pedal pairs were preincubated overnight
with the geranylgeranylation inhibitor (GGTI, 30 mM, n = 7;
VEH, n = 7). The next day the pleural-pedal pair received analog
stimulation and theSNclusterwas lysedand assayed forMAPK
activity. Only GGTI inhibitedMAPK activation (paired t test indi-
cated with brackets). (B2) Pleural-pedal pairs were stimulated
with the analog (n = 17) or with a single 5 min pulse of 5HT
(n = 10), and both ganglia were immediately lysed. Only the
associative analog induced significant activation of G proteins
and MAPK. (B3) Pleural-pedal pairs were stimulated with the
analog either in the absence of extracellular Ca2+ (n = 9) or in
the presence of the combined blockers to inhibit cAMP
signaling (Rp-cAMP [500 mM] + SQ22536 [1.5 mM], n = 5) or
TK inhibitor, (Genistein [100 mM; n = 16]). G protein activity
was assessed immediately following analog stimulation.treatment, we excised SN clusters at 5, 45, or 90 min time points
(Figure 1E) and found that MAPK activity remained significantly
activated at each time point (5 min, 132% ± 14%; 45 min,
149.2% ± 11%; 90 min, 138.0% ± 8%; p<0.05).
Mechanisms that Mediate MAPK Activity
To elucidate the specific MAPK cascade involved in AD-ITM, we
first examined the role of Ca2+ influx during activity-dependent
depolarization. To test the requirement for extracellular Ca2+,
we conducted the analog stimulation in Ca2+-free ASW and
found that this completely prevented MAPK activation (p<0.05;
Figure 2A1).
We next examined the intracellular mechanisms that function
to integrate Ca2+ and 5HT signals. Importantly, all inhibitors
used have previously been shown in Aplysia to effectively inhibit
their respective targets (Goldsmith and Abrams, 1991; Purcell
et al., 2003; Sharma et al., 2003; Sutton et al., 2004; Sutton
and Carew, 2000). We first tested the role of Ca2+-sensitive
kinases upstream of MAPK such as PKC and CaMKII. The
PKC inhibitor, chelerythrine, did not blockMAPK activity induced
by the analog (124% ± 8% [VEH] versus 132% ± 6.7% [CHEL],
NS; Figure 2A2). This observation is consistent with previous
findings that phorbol ester and 5HT-induced activation of
MAPK do not require PKC activity (Dyer et al., 2003). We also116 Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc.found that the CaMKII inhibitor, KN-93, did not affect MAPK
activity induced by the associative analog (122% ± 9% [VEH]
versus 121% ± 5.6% [KN], NS; Figure 2A2).
Stimulation of the dually-activated adenylate cyclase by the
combination of Ca2+ and 5HT generates maximal levels of
cAMP (Abrams, 1985). To test whether cAMP signaling was
required for MAPK activation, we inhibited adenylate cyclase
enzymatic activity with SQ22535, and out competed endoge-
nous cAMP with the inactive isomer, Rp-cAMP. In the presence
of both inhibitors, analog stimulation failed to activate MAPK
(132% ± 8% [VEH] versus 108% ± 3.6% [RPSQ], p < 0.05;
Figure 2A2). Consistent with our previous observations (Sutton
et al., 2004), however, the PKA inhibitor, KT5720, did not affect
MAPK activation (126% ± 8% [VEH] versus 136% ± 8.5% [KT],
NS; Figure 2A2), suggesting that cAMP activates MAPK in a
PKA-independent manner.
Finally, we examined whether tyrosine kinases (TKs) are
required for the analog activation of MAPK (Purcell et al.,
2003). The broad spectrum TK inhibitor genistein significantly
reduced analog activation of MAPK (152% ± 11% [VEH] versus
111% ± 6% [GEN], p < 0.05; Figure 2A2). To identify the class of
TK responsible for MAPK activation, we performed an additional
experiment with the TrK inhibitor, K252a, and found that
this partially but significantly inhibited MAPK activation
Neuron
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Signaling
(A) The cAMP blocker (Rp-cAMP [500 mM] +
SQ22536 [1.5 mM, n = 9], or vehicle [n=11]) was
applied to the ring ganglia 1 hr before 13 TS and
maintained throughout the experiment or washed
off after 13 TS. Since both experimental protocols
produced similar results, data have been pooled.
(B) Genistein (100 mM, n = 6), or vehicle (n = 6) were
applied to the ring ganglia immediately before 13
TS and washed off immediately after 13 TS. In all
cases, bars are the means of pooled 30, 60, and
90 min time points.(Figure 2A2), suggesting that several parallel TK pathways acti-
vate MAPK.
Transduction Signals Funnel through G Proteins
to Activate MAPK
To investigate the mechanisms whereby second messengers
such as cAMP and Ca2+ activate MAPK independent of PKA or
PKC activity, we examined two small G proteins, Ras and Rap.
We focused on these G proteins because (1) they are activated
by a diverse family of guanine exchange factors (GEFs), which
can be directly activated by cAMP, Ca2+, and/or TKs (Garcia-
Mata and Burridge, 2007; Mitin et al., 2005; Siderovski and
Willard, 2005; Springett et al., 2004), (2) kinase-independent acti-
vation of MAPK typically funnels through Ras and/or Rap (Gar-
cia-Mata and Burridge, 2007; Overbeck et al., 1995; Siderovski
and Willard, 2005; Springett et al., 2004; Zwartkruis and Bos,
1999), and (3) Aplysia Ras and Rap share the same consensus
sequence (Ye et al., 2008) for geranylgeranylation, a posttransla-
tional modification required for downstream signaling. This last
feature allowed us to simultaneously block the activity of both
GTPases by manipulating geranylgeranylation.
We incubated pleural-pedal ganglia for 24 hrwith a geranylger-
anyltransferase inhibitor, 30mM GGTI (the long incubation is
necessary because only newly synthesized protein will lack the
irreversible lipid modification) and found that this treatment
significantly inhibited MAPK activation by the associative analog
in the SN cluster (Figure 2B1; 176% ± 20% [VEH] versus 118% ±
16% [GGTI], p<0.05). Inhibition of a similar lipid modification
process, farnesylation, had no effect on MAPK activation (data
not shown).
To further determine if G proteins are engaged by the associa-
tive analog, we performed double pull-down assays with pleural-
pedal ganglia and simultaneously monitored the activation of the
G proteins, Rap and Ras. As expected, we found that a single
pulse of 5HT alone did not significantly activate G proteins,
whereas stimulation with the associative analog induced robust
MAPK activation (p < 0.05), and significant G protein activation
(p < 0.05; Figure 2B2).
How could Ca2+, cAMP, and TKs activate MAPK without
signaling through PKC, PKA, or CaMKII?We reasoned that these
pathways could operate through guanine exchange factors
(GEFs) to directly activate G proteins. To examine this possibility,we searched the recently released Aplysia EST database and
found that the CNS contains many GEFs that are activated by
cAMP, RTKs, and Ca 2+. This includes (but is not limited to)
homologs to human EPACs, PDZ-GEFs, CDC25, RasGRPs,
and SOS (Moroz et al., 2006).
In testing the mechanistic requirements for Rap and Ras acti-
vation, we found that G protein activation was blocked by
removing extracellular Ca2+ (Figure 2B3) and by inhibiting
cAMP (136% ± 15% [VEH] versus 95% ± 9% [RP&SQ], p <
0.05) or TK signaling (151% ± 10% [VEH] versus 110% ± 9%
[GEN]; p < 0.05); Figure 2B3). These findings indicate that the
same mechanisms activate G proteins and MAPK and suggest
that Ca2+, cAMP, and TKs activate MAPK via G proteins.
Activity-Dependent ITM Requires cAMP Signaling
and TK Activity
The fact that the associative activation of MAPK required TK and
cAMP signaling generated a clear behavioral prediction: induc-
tion of AD-ITM should also require TK activity and cAMP
signaling. We confirmed both of these predictions. Treatment
with the TK inhibitor, genistein, or the cAMP signaling blocker,
RP&SQ, before training, completely blocked the induction of
AD-ITM (100.5% ± 3.6% [GEN]; 101.3% ± 6.5% [RP&SQ]; p <
0.05 versus [VEH]; Figure 3). Thus, both cAMP and TK pathways
are required for the induction of AD-ITM, as directly predicted by
our molecular findings.
Activity-Dependent Synaptic Facilitation Requires
TK and MAPK Activity
The synaptic correlate of AD-ITM, AD-ITF, is induced at indi-
vidual SN-MN synapses by direct activation of the SN paired
with a pulse of 5HT (Eliot et al., 1994; Ghirardi et al., 1995;
Schacher et al., 1997; Sutton et al., 2004; Sutton and Carew,
2000; Zhao et al., 2006). Previous studies indicated that AD-
ITF has the same molecular signature as its behavioral counter-
part: both AD-ITF and AD-ITM require PKC, but not PKA activity
during expression (Sutton et al., 2004). To address whether the
MAPK cascade identified in this study governs AD-ITF, we
initially focused on TKs because, unlike the cAMP/PKA pathway,
TKs are not required for STF (Purcell et al., 2003). Thus, any
observable block of facilitation would not be attributable to an
effect on STF. In agreement with our behavioral observationsNeuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc. 117
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blocked AD-ITF (Figure 4A; 164 ± 21 VEH, 104 ± 7 GEN, p <
0.05). Moreover, if the inhibitor was applied after training, AD-
ITF remained stable, showing that TK activity is required for
the induction but not the expression of AD-ITF (Figure 4B;
132 ± 11 VEH, 144 ± 10 GEN, NS). These synaptic observations
are consistent with the role of TKs as upstream activators of
MAPK, since we also found that MAPK is required for the induc-
tion but not the expression of AD-ITM (Figures 1B and 1C).
In SN-MN cocultures, two different types of PKC are involved
in unique forms of facilitation: 5HT-activated PKC, Apl II, is
required for short-lasting facilitation (5 min) of a depressed
synapse (activity-independent), whereas Ca2+-sensitive PKC,
Apl I, is required for longer lasting AD-ITF (Manseau et al.,
2001; Zhao et al., 2006). To begin to examine the relationship
between MAPK and PKC, we tested the role of MAPK in the
two forms of PKC-mediated facilitation. We reasoned that only
AD-ITF should require MAPK activity and indeed found that
MAPK activity is required for Apl I-dependent AD-ITF, but not
Apl II-dependent activity-independent facilitation (Figures 5
and S4). In Figure 5A, activity was induced by a tetanus delivered
to the SN. However, to establish that KCl-induced depolarization
shares the samemechanistic properties as bona fide activity, we
substituted a pulse of KCl for tetanic stimulation of the SN, as in
the associative analog used in all the previous studies. We found
that the associative analog produced robust ITF that was still
completely blocked by the MEK inhibitor, UO126 (Figure 5B),
further validating our use of KCl as a proxy for activity in the
induction of activity-dependent plasticity. These findings,
together with earlier studies, demonstrate that both MAPK and
PKC activity are required for AD-ITM and its synaptic counter-
part AD-ITF (Sutton et al., 2004; Sutton and Carew, 2000).
Figure 4. Tyrosine Kinase Activity Is Required for
AD-ITF
Representative traces (A1) and summary data (A2) show
that the induction of AD-ITF by SN activation in the pres-
ence of a single 5HT pulse is blocked in ganglia that
were treated with 100 mM genistein or vehicle for 30 min
prior to and during training (vehicle: n = 8; genistein: n = 6).
(B1 and B2) AD-ITF was induced as described above, but
genistein/vehicle was applied to the preparation 10 min
after training and remained present throughout testing to
specifically assay effects on expression as opposed to
induction of AD-ITF. This treatment did not affect AD-ITF
expression (vehicle: n = 6; genistein: n = 5). Data are pre-
sented as mean of three normalized ITF tests.
Associative Stimulation Induces MAPK
Activation and PKC Translocation
Associative stimulation induces two critical
molecular events in SNs: (1) MAPK activation
and (2) translocation of Ca2+-sensitive PKC
(Apl I) to the plasma membrane (Kruger et al.,
1991; Lim and Sossin, 2006; Manseau et al.,
2001; Pepio et al., 2002; Sossin, 1997; Sossin
et al., 1994; Sossin and Schwartz, 1992; Zhao
et al., 2006). To directly explore the relationship
between these sets of events in cultured SNs, we examined the
effects of (1) KCl alone, (2) 5HT alone, or (3) KCl + 5HT.
To measure PKC translocation, we microinjected Apl I-GFP
constructs into SNs (Figure S3). We monitored P-MAPK levels
using immunocytochemistry with phosphospecific MAPK anti-
bodies. We found that the same analog stimulation that
produces robust AD-ITF (Figure 6A) induced both Apl I transloca-
tion (Figure 6B) and MAPK activation (Figure 6C). Moreover,
consistent with our hypothesis, a single pulse of KCl or 5HT alone
did not produce any AD-ITF, Apl I translocation, or MAPK activa-
tion (Figure 6) demonstrating that the temporal pairing of activity
and 5HT is critical to AD-ITF.
Translocation of Ca2+-Dependent PKC Requires
the MAPK Cascade
Based on these observations, we hypothesized that MAPK and
PKC might be in series. To determine if the MAPK signaling is
upstream of PKC, we examined PKC membrane translocation
while blocking various elements of theMAPK cascade.We found
that PKC translocation was significantly attenuated by theMAPK
inhibitor, U0126 (Figure 7A), whereas the inactive isomer, U0124,
had no effect (data not shown). This effect was specific for the
Ca2+-sensitive PKC Apl I because in separate experiments we
observed that 5HT-activated PKC (Apl II—a distinct isoform of
PKC) displayed normal translocation to the plasma membrane
in the presence of UO126 (Figure S4). However, we found that
cAMP signaling was not required for Apl I translocation
(Figure 7A; see below). Finally, as predicted by our model, we
confirmed that TK activity is required for Apl I translocation
(Figure 7A).
To determine if these inhibitors completely blocked MAPK
activation, we monitored P-MAPK activity using the same118 Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc.
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MAPK activation (Figure 7B). However, in the presence of the
cAMP signaling inhibitors (RP&SQ), we detected a modest (but
significant) amount of residual MAPK activity. This result could
explain why the cAMP inhibitors did not inhibit Apl I translocation
(see Discussion). Nonetheless, the fact that we do observe
a significant block of MAPK activity in culture with RP&SQ is
consistent with our earlier findings that cAMP signaling is
required for MAPK activation in the SN cluster (Figure 2A). Taken
collectively, our findings suggest that, during associative
training, at least three distinct upstream signals, Ca2+, TKs,
and cAMP contribute to MAPK activation, which in turn leads
to Ca2+-sensitive PKC translocation and ultimately AD-ITF.
DISCUSSION
A fundamental question in the neurobiology of memory concerns











































Figure 5. MAP Kinase Is Required for AD-ITF in SN-MN Culture
AD-ITF induced by either (A) SN activity (4 trains 10 Hz, 2 s) with 5 min 5HT
(10 mM) or (B) 5 min 100 mM KCl-ASW + 10 mM 5HT was blocked by the
MEK inhibitor U0126.
(A) Sample traces of EPSPs before and 30 min after AD-ITF induction in the
presence of U0124 (inactive analog) or U0126. Scale bar: 20 mV, 25 ms. Histo-
gram of group data shows that U0126 significantly blocked AD-ITF (t test,
p < 0.05: n = 4 for each group).
(B) U0126 specifically blocked KCl + 5HT induced ITF. Sample traces of EPSPs
before and after KCl + 5HT stimulation with U0126 or U0124. Scale bar: 20 mV,
25 ms. Histogram of group data shows that U0126 significantly blocks AD-ITF
induced by KCl + 5HT (t test, p < 0.05; n = 20 for U0124 and 12 for U0126).of enduring memory. Here, we combine behavioral, synaptic,
and molecular levels of analysis to elucidate a MAPK-PKC
signaling pathway that requires the association of activity and
serotonin for its induction. We demonstrate that this novel
cascade operates presynaptically (in SNs) to induce an enduring
form of activity-dependent intermediate-term plasticity (AD-ITF)
and memory (AD-ITM) that is independent of translation and
transcription. Importantly, within the same SN population, Hu
and colleagues (2007) found that activity and 5HT induces
a form of presynaptically mediated activity-dependent long-
term plasticity (AD-LTF) that, in contrast to our present data,
requires MAPK translocation to the nucleus of SNs for the even-
tual upregulation of genes that promote synaptic growth.
Together these findings provide the first demonstration that,
within a presynaptic neuronal population, MAPK can serve as
a divergent molecular node that compartmentally routes molec-
ular information to mediate distinct temporal phases of synaptic
plasticity and memory (see model in Figure 8).
Activity and Neuromodulatory Signals Converge
on the MAPK Cascade
The MAPK-PKC cascade we have identified clarifies the rela-
tionship between previously identified activity-dependent
signaling cascades in the Aplysia CNS. Early studies indicated
that Ca2+ and 5HT could generate high levels of cAMP via the
dually regulated adenylate cyclase, suggesting that down-
stream signaling occurred through PKA. However, to our
surprise we found that AD-ITF and AD-ITM did not require
PKA activity but rather were critically dependent on PKC activity
(Sutton et al., 2004; Sutton and Carew, 2000). In a subsequent
study, we determined that the Ca2+ dependent Apl I PKC iso-
form translocated to the plasma membrane to induce AD-ITF
(Zhao et al., 2006).
Our present findings support the hypothesis that MAPK
activity links cAMP signaling to downstream PKC function. First,
we show that within SNs, the associative analog produces
a robust activation of MAPK that is dependent on TK, Ca2+,
and cAMP. However, consistent with our earlier behavioral
observations, this MAPK activation does not require PKA
activity. Rather, MAPK is activated by the convergence of these
upstream pathways that funnel through the small G proteins
(collective Ras and Rap activity). Initially, we expected that
PKC would activate MAPK (as is the case in many systems).
However, we found the converse: MAPK is upstream of PKC
and regulates its activation by inducing translocation to the
plasma membrane, consistent with the established role of
Ca2+-sensitive PKC (Apl I) in AD-ITF (Zhao et al., 2006).
We then demonstrated the relevance of this signaling cascade
to synaptic plasticity and memory. Specifically, we showed that
(1) AD-ITM requires MAPK and TK activity, and that (2) MAPK
activation and AD-ITM requires PKA-independent cAMP
signaling (consistent with previous behavioral observations).
Taken together with our earlier findings that AD-ITM requires
PKC activity but not PKA activity, we are now able to track the
flow of molecular information induced by behavioral training.
Our data support the model shown in Figure 8: training activates
5HT receptors and induces Ca2+ entry, which stimulates cAMP
generation and MAPK-dependent Apl I translocation to theNeuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc. 119
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Figure 6. AD-ITF Training Induces MAPK Activation and PKC Trans-
location
Cultured sensory neurons stimulated with 100mM KCl-ASW + 5HT (10 mM)
exhibit robust Apl I translocation as well as MAPK activation.
(A) AD-ITF induced by pairing KCl depolarization with 5HT. (A1) sample traces
showing increased EPSP amplitude 1 hr after paired KCl (100 mM, 5 min) and
5HT (10 mM, 5 min) stimulation, but no change in EPSP amplitude 1 hr after
stimulation with either KCl (100 mM, 5 min) or 5HT (10 mM, 5 min) alone. Scale
bar: 20 mV, 25 ms. (A2) Histogram of group data (n = 6 for KCl alone, n = 8 for
5HT alone, and n = 10 for KCl + 5HT, *p < 0.05). One-way ANOVA F(2,21) = 5.76;
n < 0.001.
(B) Pairing of KCl depolarization with 5HT stimulation triggers PKC Apl I trans-
location in sensory neurons. (B1) Left panel, Apl I-GFP translocates from
cytosol to membrane following paired KCl+5HT stimulation only. Scale bar:
20 mm. (B2) Histogram of group data showing mean pixel intensity ratio of
membrane to cytosol for Apl I ± SEM (n = 5 for KCl, n = 4 for 5HT, and n = 5
for KCl + 5HT, *p < 0.05) One-way ANOVA F(2,11) = 50.5; n < 0.001.120 Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc.plasma membrane causing the eventual phosphorylation of
membrane localized PKC substrates that are required for the
induction of AD-ITF and AD-ITM (shown in blue in Figure 8). A
second route forMAPKmediated signaling is temporally delayed
and gives rise to transcription-dependent AD-LTM (shown in red
in Figure 8, see below).
The MAPK Cascade and PKC Translocation
to the Plasma Membrane
Consistent with our model (Figure 8), we find that PKC transloca-
tion (and MAPK activation) in cultured SNs requires TK and
MAPK activity. However, our results also suggest that PKC
translocation is differentially sensitive to cAMP signaling in
cultured SNs as compared to SNs in intact ganglia. In both
cases, we found that MAPK activation was significantly attenu-
ated by cAMP inhibitors. However, in cultured SNs, MAPK,
although reduced, was significantly above baseline levels (by
about 14%). The residual MAPK activation in cultured SNs could
explain the difference in the cAMP dependence of PKC translo-
cation. Specifically, it raises the possibility that there may be
a threshold level of cAMP required for PKC translocation. From
this perspective, even though cAMP was reduced in ganglia
and in culture, in the ganglion the blockers reduced cAMP levels
below the translocation threshold, whereas in cultured SNs they
did not. This indicates that the absolute concentration of cAMP
may function together with its spatial and temporal profile to
differentially regulate downstream signaling cascades. Since
we cannot exclude the possibility that the cAMP pathway also
regulates parallel, MAPK-independent processes that are
required for activity-dependent intermediate-term plasticity,
these questions pave the way for important future studies.
How does MAPK regulate PKC translocation? There are
a number of possibilities. First, MAPK could gate additional
Ca2+ entry (via positive feedback) or modulate DAG binding to
PKC, both of which are required for translocation. Second,
MAPK could, either directly or indirectly, phosphorylate PKC,
although phosphorylation of PKC is considered unrelated to its
translocation. A third, and more likely possibility, is that MAPK
activity regulates another factor that in turn is required for PKC
translocation. Indeed, a recent study in cerebellar Purkinje cells
suggests that MAPK acts through arachidonic acid to activate
and translocate PKC to the plasma membrane (Tanaka and Au-
gustine, 2008). One clue that constrains the number of possible
intervening molecules in our system is the fact that MAPK is
required for Apl I, but not Apl II, translocation, suggesting that
Apl I possesses unique structural features that regulate its
binding to the plasma membrane. In fact, PKC Apl I has two
(C) Pairing of KCl depolarization with 5HT stimulation triggersMAP kinase acti-
vation in sensory neurons. (C1) Left panel, immunocytochemistry with phos-
pho-specific MAPK (P-MAPK) antibodies shows increased MAPK activation
in sensory neurons only with paired KCl + 5HT stimulation. Scale bar: 20mm.
(C2) Histogram of group data showing mean pixel intensity for P-MAPK ±
SEM (n = 4 for KCl, n = 4 for 5HT, and n = 6 for KCl + 5HT, *p < 0.05) One-
way ANOVA F(2,11) = 22.8; n < 0.001. Post-hoc tests following ANOVA (p <
0.05) using LSD found that *p < 0.05. Values listed in bars indicate significance
above baseline (with respect to ASW alone group) using a between-group
t-test (p < 0.05).
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Figure 7. PKC Translocation Requires Tyrosine Kinase and MAPK
Signaling
VideoconfocalmicroscopyofPKCApl I-GFP inculturedsensoryneurons reveals
that membrane translocation of PKC induced by KCl + 5HT is blocked byMAPK
and tyrosine kinase inhibitors. Shown are representative confocal optical
sections before and immediately after paired KCL + 5HT stimulation (5 min).
(A1) 1 hr preincubation with the MAPK inhibitor (U0126, 20 mM) or the tyrosine
kinase inhibitor (genistein 100 mM) blocks KCl + 5HT induced PKC Apl I
membrane translocation. In contrast, KCl + 5HT induced Apl I membrane trans-
location is not blocked by a 1 hr preincubation with cAMP inhibitors (SQ22536
1.5 mM + RP isomer 500 mM). (A2) Histogram of group data for normalized
changes in the ratio of Apl I-GFPmean intensity on membrane to cytosol before
and after KCl + 5HT stimulation in sensory neurons preincubated with MAPKdistinct regions that are not present in Apl II, a PDZ binding site at
the C-terminus and its C2 domain (Pepio et al., 1998; Pepio and
Sossin, 1998, 2001). Further investigation will focus on the possi-
bility that these regions bind specifically to factors that are regu-
lated by MAPK activity.
A central question is the identity of the downstream effectors
of PKC. Although this is beyond the scope of the present study,
the fact that PKC translocates to the plasma membrane
suggests that some of its effectors are membrane associated.
In fact, activation of PKC by phorbol esters increases transmitter
release at both naı¨ve and depressed SN-MN synapses (Braha
et al., 1990; Ghirardi et al., 1992; Nakhost et al., 2003), suggest-
ing that PKCmay regulate components of the releasemachinery,
such as SNAP25, which was recently identified as a PKC
substrate (Houeland et al., 2007). Evidence also suggests that
PKC promotes spike broadening via inactivation of voltage-
gated K channels (Sugita et al., 1994). Moreover, after
membrane translocation, PKC may be cleaved by calpain into
the constitutively active form, PKM (Sutton et al., 2004).
Is the MAPK-PKC Cascade Conserved?
The present paper, together with the results of Tanaka and Au-
gustine (2008), provide the first evidence of MAPK-dependent
PKC translocation in neurons. Our study suggests a presynaptic
locus, and in complementary fashion, Tanaka and Augustine
(2008) provide evidence for a postsynaptic locus. Taken
together, these two studies encourage a reconsideration of the
relationship between PKC and MAPK in a wide range of neural
systems. Interestingly, both MAPK and PKC activity are required
for hippocampal CA1 pyramidal cell LTP and insertion of the
same AMPAR subunit, GluR1 (Boehm et al., 2006; Correia
et al., 2003; Gomes et al., 2007; Ling et al., 2006; McDonald
et al., 2001; Tomita et al., 2005). Moreover, PKC (specifically
PKMz) is necessary and sufficient for AMPAR insertion (Ling
et al., 2006) and PKMY translocates to the plasma membrane
of primary hippocampal neurons in response to glutamate or
NMDA stimulation (Codazzi et al., 2006; Craske et al., 2005).
Together with our present findings, these studies suggest that
MAPK may regulate PKC translocation and subsequent GluR1
insertion associated with LTP. Finally, in addition to its role in
PKC regulation, a complementary role of MAPK has been
provided by Sindreu et al. (2007) who found that, following fear
conditioning, MAPK signaling to CREB depends on Ca2+ stimu-
lated adenylate cyclase activity, which could require the G
protein activation by cAMP that we observe.
(U0126, n = 5), tyrosine kinase (genistein, n = 7), and cAMP (RP&SQ, n = 5) inhib-
itors. ANOVA F(3,17) = 13.3; n < 0.001.
(B1) KCl + 5HT-inducedMAPKphosphorylation in sensory neurons is blockedby
MAPK and tyrosine kinase inhibitors but only partially blocked by cAMP inhibi-
tors. Shown are representative confocal optical sections of sensory neurons
stained with phospho-specific MAPK (P-MAPK) antibodies. (B2) Histogram of
mean pixel intensity ± SEM of P-MAPK immunoreactivity after stimulation with
KCl+5HT (n=6) insensoryneuronspreincubatedwithMAPK(U0126,n=4), tyro-
sinekinase (genistein, n=4), andcAMP(RP&SQ,n=7) inhibitors.ANOVAF(3,17) =
20.1; n < 0.001. Post-hoc tests following ANOVA using LSD found that *p < 0.05
whereas #p< 0.1. Values listed in bars indicate significance above baseline (with
respect to ASW alone group) using a between-group t test (p < 0.05).Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc. 121
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Signal Routing During Memory FormationFigure 8. An Integrated Model Depicting
How the MAPK Cascade Can Direct Inter-
mediate and Long-Term Phases of Plas-
ticity by Differential Routing of Downstream
Signals
Behavioral training releases endogenous 5HT and
activates SNs, which initiates two distinct but
MAPK-dependent signaling cascades. Initially,
rapid Ca2+ entry, TK receptor activation and the
increase in cAMP levels funnels through G
proteins to activate MAPK. This MAPK then medi-
ates the translocation of Ca2+-dependent PKC to
the plasma membrane placing it in the proper
compartment to activate those substrates neces-
sary for the induction of activity-dependent inter-
mediate-term plasticity and memory (blue). This
is followed by a delayed kinase-dependent trans-
location of MAPK to the nucleus, which enables
MAPK to phosphorylate transcription factors and
upregulate genes necessary for AD-LTF (red).MAPK Routes Signals to Regulate IT and LT Temporal
Domains of Plasticity
Our current findings, together with the results of Hu and
colleagues (2007) suggest that MAPK activated in an associa-
tive, activity-dependent manner can serve as a significant
molecular node (point of convergence and divergence, see
Reissner et al., 2006). Despite the fact that both AD-ITF and
AD-LTF require MAPK activity, each of these MAPK cascades
involves a distinct set of upstream activators and compart-
ment-specific downstream effectors. Interestingly, Hu et al.
(2007) find that secretion of the sensorin peptide requires both
PKC and PKA activity. Moreover, they show that sensorin secre-
tion does not occur immediately after associative training but is
necessary for the activation and translocation of MAPK to the
nucleus when measured 1hr after associative training. Taken
together, their findings suggest that sustained (but not imme-
diate) MAPK function is downstream of PKA and PKC signaling.
In contrast, we find that the immediate MAPK activity requires
neither PKA nor PKC activity but rather funnels through the small
G proteins Ras and Rap. Also, we do not observe MAPK trans-
location to the SN nucleus when examined immediately
following associative training (Figure 6C1). All these findings
lead to a model in which early MAPK is quickly activated via
the G protein pathway to rapidly redistribute PKC to the plasma
membrane so that membrane localized PKC substrates are
phosphorylated for AD-ITF (Figure 8). However since this plas-
ticity is transient, the same neuron must upregulate a more sus-
tained kinase-dependent sensorin pathway that translocates
MAPK to nucleus in order to upregulate the genes necessary
for AD-LTF. How does MAPK manage to effectively orchestrate
both temporal domains of plasticity? One possibility is that same
activated MAPK first directs PKC translocation to the membrane
and only then translocates to the nucleus. Another is that sepa-
rate intracellular pools of MAPK are activated and therefore
linked to distinct downstream functions.122 Neuron 61, 113–125, January 15, 2009 ª2009 Elsevier Inc.In conclusion, our overall results, in combination with recent
work in the field, emphasizes the importance of not only asking
whether a particular cascade, such as MAPK, is involved in
a particular form of plasticity, but also asking two more refined
sets of questions. First, where and how is it activated? and
second, where and how does it exert its effects? Our data
provide an example of how the activation of MAPK by activity-
dependent behavioral training gives rise to subsequent MAPK-
dependent compartmental routing that ultimately determines
the nature and mechanisms of specific forms of memory.
EXPERIMENTAL PROCEDURES
Behavioral Procedures
A reduced behavioral preparation was used in all behavioral experiments (see
Supplemental Data and Sutton et al., 2001). All drug treatments were restricted
to the ring ganglia subchamber. Following pretests, drugs were applied from
30–60 min before training and were present throughout the experiment (see
figure legends for details). Control and experimental groups were always per-
formed in parallel. A blind observer measured the duration of TSW.
Analysis of MAPK and G Protein Activation
To examine P-MAPK levels in ganglia, desheathed left and right pleural-pedal
ganglia (from a single animal) were randomly assigned to treated or control
group. The treated side received an 8 min treatment, first 5 min with 50 mM
5HT and last 5 min with 100 mM KCl ASW (3 min overlap). SN clusters were
immediately lysed and processed for western analysis (see Supplemental
Data). In time course experiments (Figure 2B), ganglia were maintained in
ASW before lysing.
To examine P-MAPK levels in culture, SNs were fixed in 4% paraformalde-
hyde in PBS/30% sucrose for 15 min, permeabilized in 0.1% Triton X-100 for
5 min, quenched in 50 mM NH4Cl for 15 min, blocked in 10% goat serum in
PBS for 30 min, incubated with anti-active MAPK antibody (Promega) over-
night at 4C, and with Alexa Fluor 488 goat anti-rabbit secondary antibodies
(Invitrogen) for one hour at RT. Samples were imaged on a Zeiss Pascal Laser
Scanning Microscope using a 63X Apochromat objective.
Ras and Rap activation were measured in whole pleural-pedal extracts
(Stressgen). Ras and Rap (from a single sample) were trapped on the same
Neuron
Signal Routing During Memory Formationcolumn with appropriate binding domains. Levels of active Ras and Rap were
assessed by immunoblotting and the active G proteins were normalized to
total G proteins (input). The magnitude of Ras, Rap activation was calculated
as the ratio of the signal on the treated side (derived from the bound fraction)
normalized to the control side (derived from the input signal) from the same
animal. Activation of MAPK was assessed on the same blot.
Physiology in Intact Ganglia
For AD-ITF physiology on SN-MN synapses see supplemental data and Sutton
and Carew (2000). The general TK inhibitor genistein (100 mM) (Sigma,
St. Louis, MO) or vehicle (0.33% DMSO/ 0.43% ETOH) was applied to the
ganglia following the second pretest and perfused constantly until 5HT offset
to test the requirement for TK activity during induction of AD-ITF. To test if
ongoing TK activity was required for expression of AD-ITF, genistein was
applied beginning 10 min after 5HT offset and throughout the experiment.
Physiology in Cultured Cells
After recording a baseline EPSP, AD-ITFwas inducedwith 5min of 5HT (10 mM)
in combination with either four trains of action potentials (10 Hz for 2 s with
1 min ITI) delivered to the SNs or KCl (100 mM). The EPSP was recorded
30 min later. Facilitation was expressed as the percent change in EPSP ampli-
tude. Recovery from homosynaptic depression was induced by low-frequency
stimulation (0.05 Hz, 20 stimuli), followed by a 5 min application of 5HT (10 mM)
and measured by calculating the percent change in EPSP amplitude between
the EPSP recorded after the 5HT stimulation (PSP21) and the EPSP recorded
at the end of the low frequency train (PSP20). In experiments using MEK inhib-
itors, cultures were preincubated with the active inhibitor U0126 (20 mM) or
its inactive analog U0124 (20mM) for 30 min, and inhibitors were present
throughout the experiment.
SUPPLEMENTAL DATA
The Supplemental Data include five figures and Supplemental Experimental
Procedures and can be found with this article online at http://www.neuron.
org/supplemental/S0896-6273(08)00949-5.
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